D-Amino acids, the enantiomers of L-amino acids, are candidates to be novel physiologically active substances and the biomarkers in mammals. However, the amounts of D-amino acids in the tissues and physiological fluids are extremely small in most cases, and sensitive and selective analytical methods are needed for their determination. In the present manuscript, we review the analytical technologies including our recent advances for the determinations of small amounts of D-amino acids in mammals and the applications to clarify their physiological meanings.
Introduction
D-Amino acids are the enantiomers of L-amino acids, and it has been long believed that only L-enantiomers are present in higher animals. However, with the recent advances in analytical techniques, several D-amino acids were found in mammals including human beings. [1] [2] [3] Especially, D-aspartic acid (D-Asp) and D-serine (D-Ser) have been widely investigated. In 1986, Dunlop et al. first reported that relatively large amounts of D-Asp were present in the pituitary gland of rats; 4 now, this D-amino acid is known to regulate hormonal synthesis and secretion in various endocrine glands. 5, 6 Concerning D-Ser, a large amount of the D-form (about half that of the L-form) was found in the rat brain in 1992, 7 and now this D-amino acid is recognized as an endogenous neuromodulator. [8] [9] [10] [11] Based on these outstanding studies, D-amino acids are now expected to be novel physiologically active substances and biomarkers. However, the amounts of D-amino acids in mammalian tissues are extremely small in most cases, and the determination is usually interfered with by large amounts of the L-enantiomers, peptides and amino compounds. Therefore, for the determination of these small amounts of D-amino acids, a highly sensitive and selective analytical method is needed. In the present review, we would like to focus on the advances in analytical technologies, including our recent publications, for the determination of small amounts of D-amino acids in mammalian tissues and physiological fluids. The application results for clarifying their physiological functions are also discussed.
Two-dimensional HPLC Determination of Small Amounts of D-Amino Acids in Mammalian Tissues and Physiological Fluids
The determination of amino acid enantiomers is a widely investigated topic in analytical chemistry; until now, a large number of analytical methods using GC, HPLC, HPCE and specific enzymes has been reported. 1, [12] [13] [14] [15] [16] Most of these methods have been established for the simple and rapid determination of various amino acid enantiomers, and these methods are useful for analyzing relatively large amounts of D-amino acids, such as D-Ser and D-Asp, in mammalian tissues. As described above, a large amount of D-Ser (ca. 300 nmol/g tissue) is observed in the frontal brain, 7, [17] [18] [19] and this D-amino acid is now recognized as an endogenous neuromodulator. [8] [9] [10] D-Asp is widely present in the endocrine tissues (higher than 100 nmol/g tissue) 18, 20, 21 and its physiological function in regulating hormonal synthesis and secretion has gradually been clarified. 5, 6, [22] [23] [24] [25] [26] [27] [28] However, the determination of small amounts of D-amino acids in mammalian tissues and physiological fluids has always been interfered with Reviews by thousands or more peptides, amino acids and other amino compounds. Therefore, a highly selective analytical method is essential.
For the sensitive and selective analysis of small amounts of D-amino acids in mammals, we have established two-dimensional HPLC (2D-HPLC) methods combining a microbore-reversed phase column and an enantioselective column. [29] [30] [31] [32] [33] [34] [35] [36] For the sensitive determination, amino acids are precolumn derivatized with 4-fluoro-7-nitro-2,1,3-benzoxadiazole 37 (NBD-F, Fig. 1 ). NBD-F is a useful fluorescence derivatization reagent, and the derivatives, NBD-amino acids, which have a strong fluorescence at 530 nm with the excitation at 470 nm were determined by the 2D-HPLC system. Figure 2 shows a typical flow diagram of the 2D-HPLC system with a microbore-ODS column as the first dimension, and an enantioselective column as the second dimension. In the first dimension, the NBD-amino acids were separated as their D+L mixtures. Elution of the NBD-amino acids were monitored by a fluorescence detector. Only the fraction containing the target amino acid was collected in a loop, and then introduced into the enantioselective column in which the D-and L-enantiomers were separated. By using a microbore-ODS column for the first dimension, the volume of the amino acid fraction decreased and the entire volume of the fraction could be introduced into the enantioselective column without any loss of sensitivity. The 2D-HPLC chromatograms of the Ala enantiomers obtained using the rat cerebrum 31 are indicated in Fig. 3 . In this case, the amount of D-Ala is about 0.5% that of L-Ala, however, the small amount of the D-form could be successfully determined with minimal interference from the intrinsic substances in the brain tissue.
We have already reported the 2D-HPLC procedures for D-Ala, 31 D-Leu, 29, 30 D-Ser, 36 D-Pro analogs 30, 33, 35 and branchedaliphatic D-amino acids. 34 The values of lower limit of quantitation of D-amino acids using these methods are 500 amol -5 fmol, and the RSD values for within-and between-day precisions are approximately 5% or lower. These results indicate that the 2D-HPLC procedures are powerful tools for analyzing small amounts of D-amino acids in mammalian tissues and physiological fluids.
Tissue Distribution of D-Alanine in Rodents
For clarification of the physiological meanings of D-amino acids in mammals, the investigations of tissue distributions often provide significant insights into their functions. D-Ser is reported to be widely present in the central nervous system. 7, [17] [18] [19] Especially, large amounts of D-Ser were observed in the frontal brain areas, such as the cerebrum, hippocampus, striatum and olfactory lobe (100 -300 nmol/g tissue). On the other hand, the amounts in the cerebellum, medulla oblongata and spinal cord are extremely low. The tissue localization of D-Ser is closely related to the distribution of the N-methyl-D-aspartate (NMDA) subtype of the glutamate receptor in the brain. 38, 39 This D-amino acid is now well-known to modulate neurotransmission in the mammalian central nervous system. [8] [9] [10] Concerning D-Asp, relatively large amounts of this D-amino acid were found in the endocrine and neuro-endocrine tissues. 18, 20, 21 For example, about half of the Asp present in the rat pineal gland is D-form (higher than 1000 nmol/g tissue), 21 and is reported to inhibit melatonin synthesis in the gland. 40 Large amounts of D-Asp are also found in the testis, pituitary gland and adrenal gland, and the material is reported to regulate the synthesis and/or secretion of hormones such as testosterone and prolactin in the tissues. 5, 6, [22] [23] [24] [25] [26] [27] [28] 40 D-Ala is one of the D-amino acids present in small amounts in mammalian tissues; its physiological function has not yet been clarified. To obtain fundamental knowledge of its function, we have investigated the tissue distribution of D-Ala in the brain and periphery of rodents. 18, 19, 31, 36, 41 Figure 4(A) shows the distribution of D-Ala in the entire body of rats (22 tissues and serum). Among all the tested tissues, the highest amount of D-Ala was observed in the anterior pituitary gland, and the second highest amount was observed in the pancreas. 31 In the rat anterior pituitary gland, the D-Ala amount was found to be 86.4 nmol/g tissue, which is 5.9 times higher than that in the posterior pituitary gland (14.7 nmol/g). However, concerning the proportion of the D-form (D/(D+L)× 100), the values are 2.5% for the anterior pituitary gland and 1.3% for the pancreas, indicating that the amounts of D-Ala are still extremely small in these tissues. Because the amounts of D-Ala in the tissues are extremely low, the presence and the determined values should be definitely confirmed. For that purpose, we used an opposite enantioselective column in the second dimension of the 2D-HPLC system described in Section 2. An example using the rat pancreas is demonstrated in Fig. 5 . On the other hand, using a Sumichiral OA-2500(R) column as the enantioselective column, the elution order of the enantiomers are reversed, and D-Ala eluted after L-Ala. By using both enantioselective columns, the retention times for D-Ala (the peak observed at the retention time of NBD-D-Ala in the tissues) were completely the same as those for the authentic D-Ala. In addition, the D-Ala amounts determined by the two enantioselective columns were almost equal, indicating that the peak observed at the retention time of NBD-D-Ala should be derived from the actual D-Ala and that no co-eluting interfering substances are present. The D-Ala amounts for all tissues were confirmed by the same procedure. Figure 4 (B) shows the tissue distribution of D-Ala in the mice. 36 Similar to the results obtained for the rats, the amounts of D-Ala in the brain tissues are extremely low. Among all the tissues tested (12 tissues), the highest amount of D-Ala was observed in the pancreas. Concerning the mouse pituitary gland, the anterior pituitary gland and posterior pituitary gland are too small to accurately measure the tissue weights, thus the anterior and posterior lobes were not separated and were excised together as the pituitary gland. Although the amount is not so high as observed in the rat pituitary gland, a higher amount of D-Ala was present compared to those in the brain tissues. 31, 36 (A) Male Wistar rats (9 weeks of age, SPF, n = 5) were used. (B) and (C) Male ddY/DAO + mice (8 -9 weeks of age, SPF, n = 3 -5) were used. SER, Serum; CER, cerebrum; STR, corpus striatum; HIP, hippocampus; HYP, hypothalamus; OLF, olfactory lobe; CEL, cerebellum; MED, medulla oblongata; SPI, spinal cord; API, anterior pituitary; PPI, posterior pituitary; PIT, pituitary gland; PIN, pineal gland; THR, thyroid gland; ADR, adrenal gland; PAN, pancreas; TES, testis; THM, thymus; SPL, spleen; BOM, bone marrow; MUS, muscle; HEA, heart; LUN, lung; KID, kidney; LIV, liver. Values represent mean ± SE; n.t., not tested. 
Cellular Localization of D-Alanine in the Rat Pancreas and Pituitary Gland
As described in Section 3, D-Ala is localized in the pancreas and the anterior pituitary gland. 31 These two tissues are well-known endocrine tissues containing various types of cells. The pancreas contains 4 types of endocrine cells secreting insulin, glucagon, somatostatin and pancreatic polypeptide, and other types of cells secreting digestive enzymes. The anterior pituitary gland contains 5 types of cells secreting growth hormone, adrenocorticotropic hormone (ACTH), gonadotropic hormone, prolactin and thyroid-stimulating hormone. To perform the immunohistochemical staining of D-Ala in these tissues for clarifying the cellular localization of this D-amino acid, we raised a mouse monoclonal antibody against D-Ala. 44 Figure 6 shows the selectivity of the obtained monoclonal antibody, indicating that the antibody specifically recognizes the D-Ala moiety with no significant cross reactivity to any other proteinogenic amino acid enantiomer. Using the obtained monoclonal antibody, we investigated the cellular localization of D-Ala in the pancreas 44 and in the anterior pituitary gland. 45 Figure 7 shows the immunofluorescence staining results of D-Ala in the rat pancreas. In the pancreas, D-Ala was specifically observed in the Langerhans islets. Considering that the volume of the Langerhans islets is only 1 -2% of the pancreas, the concentration of D-Ala in the Langerhans islets is expected to be extremely high (1000 nmol/g or higher). The double staining results of D-Ala and the pancreatic hormones clearly indicated that D-Ala is specifically localized in the insulin secreting β-cells. The immunofluorescence staining results of D-Ala in the rat pituitary gland are shown in Fig. 8 .
A strong immunoreactivity was observed only in the anterior lobe, and no significant staining was observed in the intermediate and posterior lobes. These results are quite-consistent with the results obtained by the 2D-HPLC system. 31 In the anterior pituitary gland, D-Ala was specifically localized in the ACTH secreting cells. As both ACTH and insulin are the well-known hormones regulating the blood-glucose level, D-Ala might have some function in regulating the blood-glucose level in mammals by regulating these hormones.
Day-Night Changes of D-Alanine and Related Compounds
During our study on clarifying the physiological function of D-Ala in mammals, we found that D-Ala shows a clear circadian rhythm. 31, 46 Figure 9 shows the day-night changes of D-Ala in the rat anterior pituitary gland, pancreas and plasma. In both the tissues and plasma, higher amounts of D-Ala were observed in the daytime than those observed in the nighttime. On the other hand, the amounts of L-Ala in these tissues and plasma do To clarify the mechanism controlling the D-Ala levels, we investigated the effect of activity rhythm on the amounts of D-Ala in the anterior pituitary gland, pancreas and in the plasma. 46 Rats are animals with nocturnal habits in the wild, and the amounts of D-Ala are higher during their sleeping period (daytime). However, in the rats with diurnal habits made by restricted feeding during the daytime (these rats could access food only from 9:00 a.m. to 17:00 p.m.), the day-night profiles of D-Ala were totally reversed. As indicated in Fig. 10 , the amounts of D-Ala are high during the nighttime (sleeping period for these rats), while the amounts are low during the daytime. Figure 11 shows the day-night changes of various hormones in the rats with diurnal and nocturnal habits. Although a clear reversal of the circadian profile of D-Ala in the plasma was observed, the circadian profiles of melatonin and corticosterone did not show significant phase shift. On the other hand, the circadian profile of insulin showed a distinct reversal by the reversal of the activity rhythm of the rats. These results strongly suggest that D-Ala might have a physiological function related to insulin, and further investigations are highly recommended.
Simultaneous Two-dimensional Determination of Multiple D-Amino Acids in Mammals
Because all of the D-amino acids are expected to be candidates for novel physiologically active substances and biomarkers, the simultaneous determination of multiple D-amino acids without the loss of selectivity and sensitivity is needed. For this purpose, we have established fully automated 2D-HPLC systems employing a microbore-ODS column and an enantioselective column. Until now, 2D-HPLC procedures for branched aliphatic amino acids (Val, allo-Ile, Ile and Leu) 34 and Pro analogs (Pro, trans-Hyp and cis-Hyp) 35 have been reported. The typical 2D-HPLC chromatograms are shown in Fig. 12 . In the first dimension, NBD-amino acids were separated by a micro-ODS column as their D+L mixtures. The fractions were on-line collected in the loop device, and then successively transferred to the enantioselective column. In the second dimension, a Chiralpak QN-1-AX column was used for the enantioseparation of the branched aliphatic amino acids, and a Chiralpak QN-2-AX column was used for the enantioseparation of the Pro analogs. All of these enantiomers were nicely separated in about 10 min (1.22 < α < 1.83, 2.72 < Rs < 6.17). Figure 13 shows the enantiomer determination of the branched aliphatic amino acids in rat urine. In the rat urine, relatively large amounts of D-Val, D-allo-Ile and D-Ile, and a small amount of D-Leu were found. These results indicate that various D-amino acids are actually present in mammals, and more studies to clarify the presence and distribution of all D-amino acids are currently in progress.
Conclusion
In the present review, we have summarized the analytical methods for the determination of small amounts of D-amino acids in mammalian tissues and physiological fluids, and the recent efforts to clarify their physiological meanings. In addition to widely reported D-Ser and D-Asp, various small amounts of D-amino acids are present in mammals. In particular, D-Ala is specifically localized in the cells closely related to the regulation 
